A basic procedure is proposed for dimensioning membrane bioreactors that is generally applicable. It evaluates the required membrane surface with particular consideration of loading combinations and hydraulic loading characteristics; it also takes into account ranges of minimum temperatures and corresponding fluxes as given by suppliers. The procedures, while likely to require further improvement, should make MBR design more transparent and aid the comparison of design variants
INTRODUCTION
Differences in water quality goals as well as in the design and operating parameters of the various available filtration modules imply a specific number of technical variants requiring an optimized choice of configuration for a membrane bioreactor (MBR). While most membrane bioreactors (particularly in Germany and Switzerland) are currently operated at a sludge age of beyond 25 days and with a screen instead of a primary settling tank, other layout schemes may be advantageous in view of local requirements. For example, dimensioning only for COD elimination or nitrification would result in significantly shorter sludge ages (5 and 15 days respectively) and smaller reactor volumes. The various configurations of the membrane cassettes, the specific permeate flux guaranteed by the various suppliers, the latter's interest in differentiating their products from the competition as well as advances doi: 10.2166/wst.2008 
BASIC ASSUMPTIONS
The following assumptions are based on numerous experimental and full-scale results (ATV 2005; Engelhardt et al. 2005; Roest et al. 2002) . † Membrane bioreactors are operated at a sludge age in the same range as in conventional activated sludge systems due to limitations given by the sludge concentrations in both systems † The amount of excess sludge produced is comparable to conventional systems † Reaction kinetic parameters are identical for both systems; comparable aerobic activity is achieved at a lower soluble oxygen concentration in membrane bioreactors, not only due to the smaller floc size † The membrane sludge has no negative impact on the sludge processing line and may be processed identically † All membrane modules currently available for municipal wastewater treatment with a nominal pore size of below 0.5 mm retain a comparable amount of pathogens and coarse bubble aeration represents one of the principal means of removing the layer of filtration cake † Any municipal wastewater may be treated after appropriate primary treatment. Mechanical sieving and sedimentation are equally suitable as primary treatment steps. † A membrane bioreactor is comparable to conventional systems and can be designed for the following treatment 75% at an unchanged sludge age leads to only a very limited increase of peak load concentrations of ammonia in the reactor (Figure 2 ). In the case of a small membrane chamber allowing only limited peak-load equalization, sufficient nitrification must be achieved before the influent enters the membrane chamber.
The aerated section of the MBR must have soluble oxygen concentrations of^1.5 mg·L 21 (Drews et al. 2006) , since lower concentrations seem to correlate with a tendency to form extracellular polymeric substances (EPS) that have a deleterious effect on the membrane performance.
DIMENSIONING PROCEDURE
The dimensioning procedure allows different loading cases to be considered and is divided into the following steps: † Identification of relevant influent flows, temperatures and nutrient loading † Evaluation of the required membrane surface and the reactor volume needed for accommodating the membrane, based on the hydraulic loading and the temperature † Design of the basic reactor layout † Specification of the required sludge age, determination of the required sludge mass and the resulting reactor volumes † Verification of the target quality of the effluent water or sludge stabilization.
Identification of relevant influent flows and temperatures
The influent flow relevant for dimensioning must include the characteristic of the catchment area as well as all the in-house process water. Together with the nutrient loading, these parameters are needed to dimension the biological reactor. In MBRs, additional attention must be paid to the The duration, frequency and temperature of hydraulic peak loads are also decisive for evaluating the required membrane surface (Figures 3 and 4) .
Evaluation of required membrane area and membrane chambers
For each specific case, the supplier must specify the dimensioning parameters for his membrane suitable for 
Volume of membrane chamber
The specific packing density (w) of the membrane area per unit of reactor volume is the main parameter required for dimensioning the membrane chamber. Depending on the module configuration, it may differ by up to a factor of five for different products (Table 3 ) and the membrane chamber may thus contain a more or less significant amount of the total sludge mass. The space requirement of the membrane is important only for the plant configuration. It is not relevant for evaluating the pollutant removal capability of the plant (i.e. the volume of all reactors needs to be considered for this purpose; see size of biological reactor section).
The volume of the membrane chamber (V MC ) can be calculated as:
It must include all servicing and functional spaces required as well as the space required for accommodating the pipes.
Size of biological reactor
The sludge mass M TSS,req required for the treatment is obtained from the required sludge age u x (Table 1 ) and the daily sludge production P x,d :
The excess sludge P x,d production depends primarily on the influent characteristics and the sludge age. For municipal wastewater, the tabulated values available in the literature 
CONCLUSION
The aim of the present paper is to provide a basic procedure for dimensioning MBRs that is applicable to any type of membrane unit. It is important to agree on such a procedure in order to make the design of MBRs more transparent. This should also help in the comparison of variants with different membrane products and therefore in making the most suitable choice for the specific boundary conditions of each application. It is extremely difficult to do this if the dimensioning method is not transparent or proprietary to the supplier.
The authors are aware that the procedure outlined here may require further improvement, as soon as a) better understanding of the interplay between activated sludge and filtration membranes becomes available, or b) further development of the membrane systems leads to new solutions.
Finally, the reasoning behind the set-up of full-scale MBRs should be made clear in order to improve communications between researchers and practitioners. Many topics involving the application of MBR need to be more fully understood (e.g. biofouling, influence of rheology, EPS formation, bio-P removal and energy consumption). To obtain useful results, however, the research must focus on experimental set-ups that are as close as possible to full-scale applications.
